This paper presents a conceptual design for a spectrometer designed specifically for characterizing transiting exoplanets with space-borne infrared telescopes. The design adopting cross-dispersion is intended to be simple, compact, highly stable, and has capability of simultaneous coverage over a wide wavelength region with high throughput. Typical wavelength coverage and spectral resolving power is 1-13μm with a spectral resolving power of ~ a few hundred, respectively. The baseline design consists of two detectors, two prisms with a dichroic coating and microstructured grating surfaces, and three mirrors. Moving parts are not adopted. The effect of defocusing is evaluated for the case of a simple shift of the detector, and anisotropic defocusing to maintain the spectral resolving power. Variations in the design and its application to planned missions are also discussed.
INTRODUCTION
The detailed study of exoplanets is an important issue in space science to understand how planetary systems were born, how they evolve, and, ultimately, to find biological signatures on these planets. Recently, monitoring the spectra (or spectral energy distributions) of transiting exoplanets, together with their central stars which are not spatially resolved, was pioneered, and this has proven to be a valuable method for revealing the atmospheric features of exoplanets. There are many absorption features of exoplanet atmospheres in the infrared wavelength region, e.g., H 2 O (1.13, 1.38, 1.9, 2.69, 6.2μm), CO 2 (1.21, 1.57, 1.6, 2.03, 4.25μm), O 3 (4.7, 9.1, 9.6μm), O 2 (1.27μm), CH 4 (1.65, 2.2, 2.31, 2.37, 3.3, 6.5, 7.7μm), NH 3 (1.5, 2, 2.25, 2.9, 3.0, 6.1, 10.5μm), and so on (e.g., Tinetti et al. 2012 [1] , Swain et al. 2010 [2] , and their references). For the characterization of transiting exoplanets by spectroscopic monitoring, stability of the observation is essential because the spectral features of exoplanets are derived as the difference between the transit-in and the transitout. Therefore, next generation space-borne infrared telescopes, for instance, the Space Infrared telescope for Cosmology and Astrophysics (SPICA; e.g., Nakagawa 2010 [3] and its references) and the James Webb Space Telescope (JWST; e.g., Clampin 2008 [4] ), will be important platforms for such observations because of their large aperture, wide infrared wavelength coverage, capability of observations free from air turbulence, and high stability of optics at cryogenic temperature [5, 6] . With taking these features into consideration, this paper presents a conceptual design for a wideband infrared spectrometer designed specifically for observing transiting exoplanets with space-borne infrared telescopes.
OPTICAL DESIGN

Baseline design
The spectrometer has to be both simple and compact, be highly stable, have a high throughput, and simultaneous coverage over a wide wavelength region. An example of a design that can achieve these features, Design #1, is presented in Fig.1 . In order to study the atmospheres of explanets, e.g., composition, vertical distribution of physical properties, Fig1 . Overview of Design #1. A ring after Mirror-C is imaginary one introduced to define the pupil of this optics. variability, and so on, the targets for wavelength coverage and spectral resolving power are set to be ~1-13μm and a few hundred, respectively. For the high stability, no moving parts are included in the optics. To realize simultaneous wideband coverage, the spectrometer has two channels: a short-channel (S-CH) and a long-channel (L-CH) to cover wavelengths shorter and longer than 5μm, respectively. Furthermore, cross dispersion is adopted for the spectroscopy in each channel as presented in Enya et al. (2011) [7] . A small number of optical devices in each channel makes the design simple and compact and promotes throughput. Table 1 shows a summary of this design.
For the optical design and analysis given in this paper, the optics start with an ideal point source on the focal plane, i.e., telescope aberration is not included for ease of understanding. The beam is collimated by an off-axis parabolic mirror, Mirror-C. A dichroic multi-layer coating is applied on the incident surface of a ZnS prism, Prism-L, and then the beam is split into the S-CH and L-CH. The incident angle at the surface of Prism-L is ~60 degree. The L-CH beam passes through Prism-L, while the S-CH beam enters a ZnSe prism, Prism-S. The dispersion powers of the prisms are used only to separate the orders of the spectrum in each channel. The spectral dispersion in each order is realized by grating patterns manufactured on the exit surfaces of the prisms. The dispersion angle of the prism and the grating are perpendicular to each other. Free-form optimized off-axis mirrors, Mirror-S and Mirror-L, are used for focusing S-CH and L-CH, respectively, onto detector arrays.
To simulate the spectral dispersion at the detectors, the telescope aperture is assumed to be circular with a diameter of 3m. Aberration caused by the telescope is not considered. The supposed pixel sizes of the detectors for S-CH and L-CH are 25μm × 25μm and 30μm × 30μm, respectively. The expected spectral dispersions at the detectors are shown in Fig.2 , and spot diagrams are shown in Fig.3 . The spectral resolving poer, R, and the Strehl ratio are summarized in Table A1 in the appendix. The available R is limited to the minimum of the three values shown in the table; 1.22 × lambda / D (diffraction limit), 2 × pixel size (sampling limit), and RMS SPOT (aberration limit). Table A1 shows that R for the L-CH is diffraction-limited for all wavelengths. R for the S-CH is sampling-limited (i.e., under-sampling) at wavelengths less than ~1.8μm and diffraction-limited at wavelengths greater than ~1.8μm. In actual use, it is expected that the issue of under-sampling is relaxed by telescope aberration and/or the effect of defocusing described in the following section.
Defocusing
For monitoring transiting exoplanets, defocusing the optics is often used to avoid flux saturation of the detectors and to make the observation robust over fluctuations in telescope pointing. To evaluate the effect of defocusing, the detectors were shifted in the simulation toward the focusing mirrors to decrease the Strehl ratio at the shortest wavelength in each channel to 0.2. As a result, the detectors were shifted by 4.00mm and 3.55mm in S-CH and L-CH, respectively. Spot diagrams of are shown in Fig.4 . R and Strehl ratio are summarized in Table A2 in the appendix. In this case, R is limited by RMS SPOT at almost all wavelengths in both channels. As a result of defocusing, R tends to be reduced and to become relatively uniform over the wavelength coverage of each channel. The under-sampling in S-CH found above is removed. In L-CH, the effect of defocusing on the Strehl ratio is more evident at shorter wavelengths. For example, the Strehl ratio reduces to ~0.2 at 5μm, while it is still greater than 0.8 at 13μm. This trend is preferable for the observation of transiting exoplanets because observed flux is dominated by the central star, and the saturation by the spectral energy distribution of the star is expected to be more severe at shorter wavelengths in the wavelength region of L-CH.
Anisotropic defocusing has the potential to provide the benefits of defocusing without not so large loss in spectral resolving power as found with isotropic defocusing by shifting the detectors. To evaluate such anisotropic defocusing, cylindrical aberration is added to the focusing mirrors in simulation to decrease the Strehl ratio at the shortest wavelength of each channel to just 0.2. As a result, additional curvature in the y-direction by 0.0000474mm -1 and 0.0001515mm -1 is given to Mirror-S and Mirror-L, respectively. Spot diagrams are shown in Fig.4 . R and Strehl ratio are summarized in Table A3 in the appendix. It is also possible to give hybrid defocusing by combining simple defocusing with anisotropic defocusing. There are further various defocusing methods, e.g., tilting the detectors, use of additional transimissive optics to make aberration, and so on. Such methods have potential to realize flexible design of wavelength-depended defocusing, however, complexity of the design and calibration should be considered carefully.
Variations in the design
If another transimissive device can be added, the flexibility of the design increases greatly. A design with three prisms, Design #2, is presented in Fig.5 . Prism-C has a dichroic coating on its first surface, at which the incident angle of the beam is 30 degrees. It is expected that such a moderate incident angle relaxes the constraints on the design of the dichroic coating. Owing to the dispersion of the two prisms, the separation power of the spectrum order is also improved. The grating pattern is rotated by 11 degree to obtain better perpendicularity between the spectral dispersion and the slit direction for L-CH. Fig. 6 shows the expected spectral dispersion at detector-L without additional defocusing. The effects of defocusing for Designs #2 and #1 were found to be similar, both when the detectors were shifted and with the introduction of cylindrical aberration to the mirrors. The optics for S-CH are common to both Designs #1 and #2.
The designs presented above are just examples, and there are many more variations of the design. First of all, the scientific requirements should be studied well. Simulating observations for a real catalog of targets, the performance of all parts of the observation system including the telescope, the satellite, and especially the detectors, will give the best specifications for the wavelength coverage, the spectral resolving power, the plate scale of the images, defocusing, the operation of the detectors, and so on. Trade-off for the prism material is important, especially for the case of extending the spectral coverage of L-CH toward longer wavelengths. On the other hand, a normal reflective grating is useful if it is possible to decrease the spectral coverage requirement of L-CH by one order. The wavefront of an actual telescope is not perfect, while an ideal point light source is supposed for the design shown above. Fortunately, transiting exoplanets are point-like sources, so the observation does not require a wide field of view. In this situation, it is possible to cancel the expected telescope aberration by design of the mirrors in the spectrometer.
APPLICATION
JWST and SPICA are large infrared space telescopes with launch dates planned in the near future. Because much of the development of the instruments for JWST has already been executed, SPCIA is a relatively more realistic platform for the wideband infrared spectrometer presented in this paper. Especially, the study of transiting exopalnets is regarded as one of two critical science cases for the SPICA Coronagraph Instrument (SCI), as well as the study of exoplanets with a coronagraph (e.g., Enya et al. 2010 [8] and their references). The SCI is equipped with a mechanical mask changer including a slot for no mask (i.e., blank hole) for the non-coronagraphic mode. It is planned to carry out observations of transiting exoplanets with the non-coronagraphic mode. Comparing the SCI and another mid-infrared SPICA instrument, the Mid-infrared Camera and Spectrometer (MCS) [9] , only the SCI is equipped with an InSb detector to cover 1-5μm. If the SCI adopts an internal tip-tilt mirror (at current, adoption or no adoption of the tip-tilt mirror is TBD), higher pointing accuracy can be realized. These points are potential advantages of the SCI as the platform for a wideband infrared spectrometer for characterizing transiting exoplanets.
If it is eventually decided to have a wideband infrared spectrometer in the SCI, one possible solution of the configuration design is to replace the current short channel of the SCI with the wideband infrared spectrometer, as shown in Fig.7 . In this solution, the focal plane in the SCI is shared by the coronagraphic channel and the wideband infrared spectrometer. Channels in this solution are switched by telescope pointing, making it unnecessary to use the mechanism to move the focal plane mask. On the other hand, the fore-optics of the SCI includes a pupil mask changer mechanism. It is considered that the pupil mask changer is equipped with coronagraphic masks (high contrast observation), a blank hole (non-coronagraphic observation), aperture masking (very high spatial resolution: e.g., Sivaramakrishnan et al. 2009 [10] ), and a stop (calibration). It is planned to use the non-coronagraphic mode for the observation of transiting exoplanets. Another possible function of the fore-optics is the inclusion of a tip-tilt mirror. Though the tip-tilt mirror is a moving part, it is expected to enable more accurate observations of transiting exoplanets by improving the telescope pointing stability. A deformable mirror is another active optical component previously considered to improve the contrast of the coronagraph. The deformable mirror is out of the current baseline design of the SCI because of technical difficulties and the very serious resource limit of the spacecraft, though it has not yet been fully abandoned. Satisfying the constraints of volume and weight is critical for instruments for a space telescope. Unfortunately, the change in design described above increases the number of detectors. On the other hand, it will be possible to remove the filter wheel of the short channel of the current design of the SCI. Reducing the mass and volume of the instrument looks perhaps possible by sophisticated design of the preliminary optics. If the SCI can carry a wideband infrared spectrometer, it might be reasonable to change the name of the instrument to express its "high dynamic range", rather than its "coronagraphic" properties. It would also be possible, in principle, to realize a wideband infrared spectrometer as a part of MCS, as an independent instrument.
JWST is equipped with the Near-Infrared Spectrograph (NIRSPEC) for wavelengths less than 5μm and the Mid-Infrared Instrument (MIRI) for wavelengths greater than 5μm (e.g., Clampin 2008 [4] ). Spectroscopic observations and monitoring of transiting exoplanets is possible with both NIRSPEC and MIRI. JWST has a larger telescope aperture (6.5m) than SPICA (3m class). On the other hand, simultaneous use of NIRCAM and MIRI for one point-like target is impossible, and simultaneous wavelength coverage by each instrument is limited. In principle, defocusing is possible by adding a diffuser into the instruments, moving the secondary mirror of the telescope, and/or actuation of the segmented primary mirror, though it is usually hard to alter the optical alignment of a space telescope mirror for a peculiar observation. Fig. 7 . Schematic view of a possible configuration in which a wideband spectrometer is added to the SPICA-SCI. The channel is switched on the focal plane mask by telescope pointing without the need for a mechanism to move the mask. The detailed design of the mask and slits are TBD.
It should be noted that proposed future missions: The terrestrial habitable-zone exoplanet spectroscopy infrared spacecraft (e.g., THESIS; Swain et al. [2] ), with 1.4m telescope and spectrometer was proposed for the observation of transiting exoplanets (see also the Fast Infrared Exoplanet Spectroscopy Survey Explorer, FINESSE; e.g., Swain 2010 [11] ). The Exoplanet Characterization Observatory (EChO), is optimized mission for the study of transiting exoplanets. EChO adopts a 1.5m class telescope with spectrometers, and covers the wavelength region of 0.4-16μm (e.g., Tinetti et al. 2012 [1] ). If SPICA will carry the wideband infrared spectrometer, it will be complementary with these dedicated missions because of difference of stability of the system (available stability/dedicated stability), telescope time (part time of multi-purpose mission/full time) , and the size of the telescope aperture.
FINAL REMARK
Based on the concept and discussion given in this paper, the following two points are proposed for SPICA: 1) to develop and carry a wideband infrared spectrometer optimized for the observation of transiting exoplanets, 2) to perform dedicated science on transiting exoplanets. To realize this scheme, it is considered there are many issues to be completed: the science goals should be clearly defined. The specification of the instrument and the error budget should be derived from the science requirements, and should be optimized by analyzing the performance of all parts of the observation system, including the telescope and the satellite by simulating observations of a real catalog of targets. Especially, knowledge and simulation of the performance of the detectors, including the stability, homogeneity, and influence of hitting of cosmic ray, are important. Both simulation and laboratory demonstration are necessary. From a practical point of view, the design of the instrument needs to be compact and lightweight in order to satisfy the severe constraints of the resources in the spacecraft. Additional folding mirrors are useful. It should be noted that the possibility of detecting biomarkers, including ozone and/or oxygen, on exoplanets with the SCI is not zero, though the current primary target of the SCI is Jovian exoplanets and the detection of biomarkers is not robustly expected. To enable such detection with the total functions of the SCI, capability to get the spectrum (or spectral energy distribution, at least) is important. The coronagraphic mode has the advantage of high contrast observations, the aperture masking method has potential to provide higher spatial resolution, and transit monitoring can target exoplanets which are not spatially resolved from the central star. These modes are complementally. Spectroscopic functions working with each of these modes should be realized. For the spatially resolved observations, targeting very nearby stars and/or early type stars is interesting in order to approach the habitable zone (HZ), because the former has an HZ with apparently large angular size and the latter has an absolutely large HZ. The possibility of finding biomarkers even in the classical "HZ" should not be ignored, e.g., in the atmospheres of outer exoplanets, eccentrically orbiting exoplanets, exo-satellites, and so on. The pre-discovery of targets is also essential for subsequently characterizing transiting exoplanets using dedicated space infrared telescopes. Monitoring of spatially resolved outer exoplanets with coronagraphic spectroscopy is interesting too, because of possibility to realize study of transit and/or secondary eclipse caused by exoplanets and exo-satellites. Monitoring with coronagraphic spectroscopy also provides opportunity of surface mapping by tomography for rotating exoplanets. For these observations, it is important to select planetary systems having edge-on like orbit beforehand. Pre-probing with normal RV or transit methods having sensitivity for inner exoplanets can be helpful.
For future space missions designed to monitor transiting exoplanets, there is the potential to re-use the resources from previous or ongoing missions. Especially useful resources are the mirrors that have already been manufactured, e.g., the backup mirrors for HERSCHEL (3.5m: e.g., ref.
[12] ), SPICA (3m class), AKARI (68.5cm: e.g., Murakami et al.2006 [13] ), or mirrors manufactured for technical demonstrations. Usually, polishing the mirrors takes a large fraction of the time needed for mission development. However, special missions to monitor transiting exoplanet do not require mirrors with the highest quality surfaces. Other important resources are the systems of such satellites. There is also the opportunity to adopt significantly common bus-systems in a series of missions, e.g., in the small satellite program of JAXA. Such an approach would reduce cost, delivery time, and risk, and increase the feasibility and possibility of realizing missions.
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